In an effort to understand the role of hydroxyproline-rich glycoproteins (HRGPs) in plant cell wall structure, we studied the distribution and physical properties of PC-1-like proteins (PC-1 being the major pericarp HRGP) throughout sporophytic tissues of two maize (Zea mays L.) varieties. We determined total amounts of hydroxyproline, an indicator of HRGPs, and did tissue print and Western blot analysis. We found hydroxyproline in cell walls of stems, leaves, roots, tassels, and silks. We also observed reactivity of anti-PC-1 monoclonal antibodies with anatomical prints of these tissues on nitrocellulose paper. Stem nodes and silks contained the most hydroxyproline and exhibited the strongest reaction with the antibody. PC-1 was localized in vascular bundles and the epidermis of stem tissue.
ofthese mechanisms is the deposition ofindigestible materials such as lignin and the HRGP. 3 The HRGPs, or extensins, are an integral part of the plant cell wall. Although they were first characterized in dicots (see ref. 4 , for review), their presence in monocots was implicated by the presence of hydroxyproline in several of these plants (14, 20) . More recent studies have documented the presence of an extensin in walls of maize (Zea mays L.) tissue culture cells (12), embryonic tissues (13, 18) , and protective kernel pericarp tissue (7, 10) . The major extensin of maize pericarp, PC-1, is a glycoprotein (10) , is developmentally regulated, and accumulates to high levels in pericarp as the kernel expands and matures (7) .
In an effort to understand the role of maize extensin, we studied the distribution and physical properties of PC-1 in cell types throughout sporophytic tissues of two maize varieties. We characterized this protein by determining total amounts of hydroxyproline, an indicator of HRGPs, and by tissue print and Western blot analysis. We found hydroxyproline in cell walls ofall tissues examined, although the amounts varied significantly among the various tissues. We also observed reactivity of anti-PC-l monoclonal antibodies with anatomical prints ofthese tissues on nitrocellulose paper. Our results show that extensin is present in many tissues of the maize plant, although it is concentrated in specific cell types. These studies will help to elucidate the structural role of PC-1.
Cell walls have many roles in the plant (8) . They define cell size and shape and thus participate in determining plant shape. Because walls of plant cells resist turgor pressure from water uptake they determine, to a large degree, cellular growth rate. Additionally, cell walls function as a barrier to microbes. For example, walls are the site of action of protease inhibitors and degradative enzymes involved in the plant's defense against invading pathogens (15) . Moreover, signals generated from wall components of invaded cells can be mobilized to induce nearby cells to activate defense mechanisms (15) . One and ground with a Virtis homogenizer in 30-s bursts. Cell walls were prepared and protein was extracted as described previously (10) . Briefly, ground tissues were washed sequentially with Nonidet P-40 and three sodium bisulfite washes to remove membranes and cytoplasmic contents, respectively. Prepared walls were extracted overnight with 0.2 M CaCl2. The extracts and pellets were lyophilized separately. Protein was hydrolyzed for 24 h at 110C in 6 N HCl and colorimetric hydroxyproline assays were performed using the method of Drozdz et al. (6) .
Tissue Printing and Antibody Reaction
Tissue printing was done as described by Cassab and Varner (3) . Briefly, tissues were sliced with a razor blade, blotted on a Kimwipe, and pressed onto nitrocellulose for 15 s. The nitrocellulose had been soaked previously in 0.2 M CaCl2 for 15 min and air dried. Serial prints were made of each tissue, one for India ink staining of total protein (9), one for control antiserum treatment, and one for reaction with two independently isolated monoclonal antibodies, MC-1 and MC-3, raised in mice against gel-purified PC-l protein, the major HRGP of maize pericarp (see ref. 7 for description of monoclonal antibody production). Immunoblots were blocked in 3% BSA in TBST for 1 h, treated with a mixture ofa 1:10,000 dilution of both primary monoclonal antibodies in one aliquot of TBST for 1 h, washed three times for 10 min each in TBST, treated with a 1:10,000 dilution of goat anti-mouse polyvalent secondary antibody conjugated to alkaline phosphatase (Sigma Chemical Co.), and then washed three times for 10 min each in TBST with one final rinse in alkaline phosphatase buffer (100 mM Tris-HCl, pH 9.5; 100 mM NaCl; 5 mM MgCl2). Color reaction was in alkaline phosphatase buffer containing 66 AL NBT (50 mg/mL in 70% methanol; Boehringer-Mannheim Biochemicals) and 33 ML BCIP (50 mg/mL in DMSO; Sigma Chemical Co.) per 10 mL buffer.
Testing for Presence of Arabinogalactan Proteins
Yariv's reagent (1 Mg) (22) 
RESULTS

Hydroxyproline Content of Various Maize Tissues
The structural HRGPs, or extensins, range from 25 to 45 mol % hydroxyproline (16) . Thus, colorimetric detection of this hydroxylated amino acid is a sensitive indicator of the presence of these proteins. Data for total hydroxyproline amounts present in cell walls of several tissues of the mature maize plant are summarized in Table I . With the exception of silk tissue, all data were collected from GXB plants. Data for silk tissue was collected from both GxB and JHL maize varieties. We found hydroxyproline in all tissues that we examined, although the amount per tissue varied from a low of 0.17 Mg/mg dry weight of cell walls in internodes to a high of 4.6 Mg/mg dry weight in JHL silk. The majority of this hydroxyproline was in the cell wall pellet, indicating that the proteins containing this hydroxylated amino acid were largely insoluble. However, some hydroxyproline could be salt extracted from purified walls of all tissues. The silks yielded the largest salt-extractable amounts with 44% of total hydroxyproline from JHL silks and 26% of total hydroxyproline from GxB silks being extracted. The total hydroxyproline per mg dry weight is quite low (0.17-0.35 Mg) in all other tissues sampled compared with that of silk and the previously characterized pericarp (values for the latter range from 2.5-4.0 ,Mg/mg dry weight; 1 
1).
Hydroxyproline is known to occur in arabinogalactan proteins as well as in the extensins (4, 16) . The arabinogalactan proteins are composed of approximately 90% carbohydrate and 10% protein (5) . The protein moiety contains only 10 mol % hydroxyproline, yielding a low total mass of hydroxyproline (i.e. 1%) in the mol wt of these proteins. However, because arabinogalactan proteins are abundant in some tissues, particularly floral stigmas, we examined the possibility that the hydroxyproline measured was from arabinogalactan proteins. We tested for the presence of arabinogalactan proteins in maize tissues in a double diffusion assay using Yariv's (Figs. 2 and 3, immunostain) . All other tissues examined immunostained significantly above background control serum staining but less intensely than the stems and silks. The vascular and epidermal tissues of stems, leaves, and tassel stalks stained consistently with the antibody (prints for the latter two not shown). In contrast, the silk prints did not show any cell-type specificity in the antibody reaction at the resolution of the tissue print. The fact that the silk prints stain strongly correlated well with the presence of high amounts of extractable hydroxyproline in this tissue (Table I ). In no case did the control serum stain protein from any tissue assayed (Figs. 2 and 3) .
In view of the fact that carrot and tomato extensins exhibit some heterogeneity in size and composition (see ref. 4 for review), possibly reflecting their structural role in a multiplicity of tissue and cell types, it was important to determine whether extensin from maize tissues also exhibited heterogeneity. Figure 4 is a Western blot of total protein extracted from walls of the various tissues we assayed for hydroxyproline content (Table I) . Each lane on the cationic neutral gel (19) was loaded with 10 ,ug of total protein extracted from walls of each tissue. The Western blot prepared from this gel was reacted with the anti-PC-l monoclonal antibodies, MC-1 and MC-3. The result in Figure 4 clearly shows that the only tissues containing detectable amounts of PC-l in 10 ,ug extractable wall protein were stem nodes and silks. The electrophoretic mobilities of the nodal and silk proteins from GXB on the cationic neutral gel were similar to that of the pericarp protein, PC-l. The GxB silk preparation also contained a second band migrating slightly faster than PC-1. The major protein in the extract from JHL silk walls migrated similarly to pericarp protein from this variety (1 1). This tissue contained two minor bands that also reacted with the antibody. These data show that heterogeneity in maize extensin GS PC-1 T R N L I JS Preimmune Figure 3 . India ink and immunostains of tissue prints of stems and silks from the maize variety JHL on nitrocellulose paper. Similar prints of stem longitudinal sections (LS), cross-sections (XS), and floral stigmas (silks) were made in series on nitrocellulose and subjected to India ink staining for total protein (column 1) and immunostaining (column 2) with anti-PC-1 monoclonal antibodies (1:10,000 dilution) followed by goat anti-mouse alkaline phosphatase-conjugated secondary antibody (1:1 0,000 dilution). Color was developed with BCIP and NBT. Preimmune prints were treated with control antiserum followed by secondary antibody. vb, vascular bundle; e, epidermis; n, node; Is, leaf sheath; St, stem; InN, internode; Nd, node; Sk, silk. can be detected, although only in silk tissue on these native gels.
PC-1
DISCUSSION
In this work, we find that hydroxyproline and HRGPs are concentrated in specific cell types of all maize tissues examined. Nodes and silks have the greatest amount of total hydroxyproline (Table I) and also large amounts of soluble protein as evidenced by a strong staining reaction with antibodies on tissue prints (Figs. 2 and 3) and on a Western blot (Fig. 4) . The majority ofthese proteins (>90%) are most likely structural extensins with arabinogalactan proteins accounting for c 10% hydroxyproline of silks and nodes.
Hydroxyproline is present in the cell walls of all tissues examined, although at different levels and with differing solubilities (Table I Maize extensin is found in vascular bundles of stems (Figs. 2 and 3) and leaves (data not shown) and in epidermal layers of stems (Figs. 2 and 3 ), all of which are support tissues in these organs. In corroboration with this, maize extensin mRNA was shown to accumulate in embryonic vascular bundles, the protein product of which may possibly be giving strength to the newly emerging plant (18) . The observation that extensin mRNA (17, 18) and PC-1 protein (this work) accumulate only in the vascular bundles and epidermis of stems and vascular bundles of leaves most likely accounts for the limited amount of hydroxyproline per mg dry weight seen in stems and leaves (Tables I and II) . The walls of the many other cell types of these organs not containing large amounts of hydroxyproline-rich proteins dilute the apparent high concentration of these proteins in the vascular tissue. The tissue prints show that hydroxyproline solubility is correlated with PC-1 solubility in that tissues with highly soluble hydroxyproline react strongly with anti-PC-l antibodies, indicating that PC-l had been extracted from the tissue. Node and silk tissue are the best example of this correlation. In addition, we demonstrate low solubility of hydroxyproline from internode tissues, which correlates well with our observation that the reactivity of antibodies with vascular bundles and epidermis but not other cell types on internode prints is only moderate.
